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ABSTRACT 
 
An existing shelterbelt turbulence model, previously used only for neutral flow applications, is modified to 
investigate how stably stratified flow interacts with a porous obstacle.  The model extension demonstrates that 
for uniformly dense barriers, temperature stratification hinders flow recovery in the barrier lee, thereby creating 
somewhat cooler temperatures from the upstream-of-windbreak conditions.  The stably stratified conditions are 
then applied to a domain for monitoring odor transport from a livestock facility.  Mapping a poultry house onto 
the model grid allows for representation of plausible flow patterns over a bluff-body obstacle.  The pattern of 
odor transport from the house appears to be realistic, but validation with measurements and future testing is 
sought.  Adding a shelterbelt configuration downstream of the emission source improves plume dilution, with 
the most dense and tallest arrangements creating the vertical displacement and turbulence to disperse strong 
intensity odor aloft rather than at the surface.   
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CHAPTER 1.  GENERAL INTRODUCTION 
 
 
Introduction 
Shelterbelts, greenbelts, or windbreaks benefit agricultural settings in a wide variety of applications: wind 
speed reduction for crops and livestock (e.g. Heisler and DeWalle 1988), snow deposition near buildings, and 
optimal temperature and moisture conditions for maximized crop yields (e.g. Cleugh 1998).  Field and wind 
tunnel experiments and numerical simulations in windy daytime conditions demonstrate that medium density 
barriers significantly slow wind speeds within and behind the barrier, generate turbulence within the shelterbelt, 
and create the quiet zone in the lee favorable to the above-mentioned benefits.  Additionally, vegetative buffers 
provide opportunities for particulate entrapment and dispersion of multiple pollutants from factories or 
automotive emissions (Lehndorff and Schwark 2004; Rao et al. 2002; Urbat et al. 2004).  The aggregate surface 
area of leaves and dense needles serves as a sink for chemical decomposition (Freer-Smith et al. 2004; Reischel 
et al. 1987, 1989). 
Shelterbelts placed immediately near sources of agricultural dust and odor may help alleviate poor air 
quality.    Smaller farms have consolidated into larger, highly productive confinement facilities to meet the 
demands from a growing human consumption (U.S National Research Council 2003).  Additionally, urban 
development extends into once-existing farmland and the citizens may become uncomfortable with the close 
proximity to dust and odor from farm production sites.  Nighttime conditions of slow wind speed and clear skies 
may allow for these fugitives to impact neighboring homes and communities (Takle et al. 1983).  People 
exposed to farm dust for prolonged periods may develop respiratory problems and intense odor events detected 
by the public may lead to civil action against agricultural producers (Tyndall and Colletti 2000).  Remedies are 
needed to decrease the longevity and transport of these pollutants.  Shelterbelts may serve as one element of a 
combination of methods to control offensive odors and dust emissions from large livestock facilities (Schiffman 
2005; Ullman 2005).  This project will expand application of an existing shelterbelt-turbulence numerical model 
from conditions of sunny, windy days to near calm and clear nights.  I will apply the new model to investigate 
the odor dispersion potential by shelterbelts for these nocturnal periods, which are most susceptible to creating 
an odor problem between agricultural producers and their neighbors. 
 
Thesis Organization 
I will explore the effect of temperature stratification on shelterbelt-perturbed flow, turbulence and a 
temperature scalar in a numerical model.  The model is based on the work of Wang and Takle (1995), hereby 
referred to as WT95.  With the extension of temperature stratification in the WT95 model, I will test shelterbelt 
dispersion of odor in the proximity of a livestock confinement operation.  I develop moderately stable 
conditions, indicative of nighttime, slow winds and a strong temperature gradient as a favorable scenario for 
simulating long distance, strong-intensity odor transport.  In Chapter 1, I lay out the general introduction of the 
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project problem, a literature review of shelterbelt flows during stably stratified conditions, and a review of the 
science of odor measurement, modeling, and control.  Chapter 2 describes the modification of the WT95 model 
to simulate stably stratified conditions in a paper which my major professor, Dr. Eugene Takle, and I plan 
submission to Boundary-Layer Meteorology.  We compare model results of related topics suggested in previous 
wind tunnel and field experiments.  My professor and I plan to submit to the Journal of Wind Engineering and 
Industrial Aerodynamics the results from Chapter 3.  We present the application of the new model in a domain 
realistic to a typical poultry operation and test different windbreak arrangements for optimum odor dispersion 
during a typical clear and calm night.  Chapter 4 explains the general conclusions from this work and offers 
recommendations for future research.  
 
Literature Review 
 Shelterbelts and windbreaks remain an important area of research in field, wind tunnel and numerical 
studies.  The effect on mean flow, turbulence, spray deposition, surface air temperature, and surface moisture 
near windbreaks during daytime well-mixed conditions has been carefully examined (e.g. Cleugh 1998, Heisler 
and DeWalle 1988; McNaughton 1988; Ucar et al. 2003).  Reviews such as Falk (2004) give a thorough 
description of windbreak applications in the neutral and unstable surface layer conditions.    Knowledge remains 
limited of shelterbelt effects on changing wind, temperature, moisture and other scalars (e.g. agricultural 
pollutants) during stably stratified conditions.  Stable conditions occur most frequently at the surface as the sun 
sets when the nocturnal boundary layer replaces the daytime mixed layer.  In the absence of clouds and 
boundary layer moisture, the radiational cooling of the ground creates sub-adiabatic conditions near the surface, 
which extend higher as the night progresses.  The strong vertical temperature gradient cuts off mixing from aloft 
and creates near laminar flow near the surface (e.g. Stull 1988).  Such conditions favor long distance transport of 
near-surface pollutants unless an obstacle to the plume will disperse, trap, or decompose the pollutants (Takle et 
al. 1976).  I first will present a summary of stratification effects on shelterbelt flows.   Then I will explain the 
science of odor measurements, modeling, and mitigation for quantifying and qualifying agricultural odors and 
understanding the dilution potential possible by shelterbelts. 
 
Windbreak research during stably stratified conditions 
Stratification effects of wind and turbulence 
Previous studies suggested that strong stability reduces wind speed most effectively in the lee of a barrier, 
yet stratification also promotes faster wind speed recovery (shorter horizontal distance for where the wake 
region occurs).  Observations of slower wind speed at nighttime and a combination of greater drag experienced 
during slower winds led Miller et al. (1975) to this conclusion in a young shelterbelt surrounding a wheat field at 
Mead, NE.   However, measurement practices and gaps in a young buffer contributing to heterogeneous 
roughness may moderate those findings.  Ogawa and Diosey (1980a, 1980b) conducted both field and wind 
tunnel studies of a porous fence and observed that strong stability decreased the wake distance for wind speed 
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recovery.  Very dense barriers produced weaker recirculation zones in their lee regions under greater 
stratification.  Stability counteracts the pressure forces induced by the fence as Hausling (1977, cited in Ogawa 
and Diosey 1980b) observed in a numerical simulation of flow over infinite barriers.  Jacobs (1984a, 1984b), in 
a field study of flow around a thin solid fence, measured smaller wind speed deficits in the lee for stratified 
conditions and the wind speed recovered at a shorter horizontal distance than for recovery in neutral 
stratification.  Wilson (2004a) measured mean momentum and momentum variances across a semi-porous fence 
in Ellerslie Alberta, and he observed that stable stratification reduces the wind reduction in the shelterbelt lee 
and generates faster recovery in wind speed, thus agreeing with the conclusions by Jacobs (1984a, 1984b) and 
Ogawa and Diosey (1980a, 1980b).  Wilson suggests that the strong stability may position the over-speeding 
zone closer to ground thereby promoting greater surface shear to intensify wind speed recovery in the lee. 
Stratification impacts on turbulence within and near shelterbelts are less studied.  Turbulence is small 
upstream of the windbreak and is most significantly produced by any existing vertical wind shear (e.g. Stull 
1988).  Within and at the height of the shelterbelt, the obstacle produces a turbulence kinetic energy (TKE) 
maximum (e.g. Wang et al. 2001).  However, downstream a few shelter heights from the lee edge, the strong 
thermal gradient squelches the shelter-generated TKE (Takle, personal communication, 2006).  Jacobs 
concludes in the aforementioned fence experiment that turbulence is slow to recover to its upstream value 
because of the stable stratification (1985).  In a related field experiment of turbulence development across a 
forest edge, Morse et al. (2001) observed that turbulence generated at the forest edge could not propagate far 
into the forest.  Reduced wind speeds moving through the trees could not overcome the effect of the buoyant 
suppression.  Additional studies (Baldocchi and Meyers 1988; Leclerc et al. 1990, 1991) illustrate the reduction 
of turbulent intensities, kurtosis, skewness, and other higher order momentum terms by the temperature 
stratification within and above a deciduous forest.  Wilson (2004b), from a numerical modeling of the Ellerslie 
windbreak, reinforces the difficulty in measuring turbulent fluctuations of the wind components and in modeling 
turbulent components.  Current numerical approaches (e.g. using second-order turbulence closure schemes) 
leave much room for improvement in agreeing with observations (Wilson 2004b). 
 
Stratification effect on scalars 
Multiple observation and wind tunnel studies suggest that shelterbelts and windbreaks provide in the lee 
region optimal temperature and humidity for improving crop development and eventual yields (e.g. Brandle et 
al. 2004).  Advantages of windbreaks are reported by examining a seasonal average in the temperature and 
moisture distributions windward and leeward of a sheltered field (e.g. Bird et al. 2002).  Such results are not 
helpful for determining nighttime impacts, but a few studies give some indication of how shelterbelts modify 
temperature and moisture in their lee and wake regions.  A combined field experiment and numerical simulation 
(Hipsey et al. 2004) proposed that windbreaks placed upstream of small agricultural ponds would support lower 
temperature and moisture fluxes and reduce evaporation over water bodies.  Skidmore and Hagen (1970) 
investigated the water use of crops in a sheltered region for fences of three different porosities of 0.6, 0.4 and 
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0.0.  Relative evaporation amounts were normalized by the values ahead of the windbreak. Evaporation 
decreased in the lee for the least of the densities, yet the solid barrier allowed for the greatest recovery in 
evaporation.  Skidmore et al. (1972) observed changes in heat and moisture for a field of sorghum behind a 40% 
porous slat fence.   Nighttime temperatures were cooler as larger heat and vapor pressure gradients existed in the 
lee causing possible dew and frost formation.  In the wake region however, air was warmer and moister from the 
upstream-of-windbreak conditions.  The alteration in temperature and moisture in the lee of the windbreak 
occurs because slower horizontal wind speed and the lack of vertical mixing above and within the sheltered crop 
canopy limits the turbulent transport of any scalar (Cleugh 1998; McNaughton 1988).  Temperature and 
moisture gradients near the surface remain intense in the lee region and create cooler and drier conditions during 
the night.  Argete and Wilson (1989) demonstrated similar reduction of turbulent heat transport in the lee by 
comparing the equivalent temperatures in a small plot surrounded by a porous fence (cooler) from the 
surrounding larger plot away from the fence (warmer). 
However, this observed pattern does not always verify.  Wang and Klassen (1995) purported less cooling in 
a field bounded by windbreaks due to:  (1) the release of heat storage by the soil because of the increased 
daytime temperature in the lee and (2) the occurrence of intermittent large turbulent gusts at night.  Long wave 
radiation emitted by trees may also temper full nocturnal cooling and frost occurrence at the immediate leeward 
edge of shelterbelts (Eastham and Rose 1988, cited in Cleugh 1998).  An understanding of scalar behavior 
within shelterbelt flow during stably stratified conditions is important to characterize the movement of livestock 
odor and the possible odor mitigation benefits realized by using shelterbelts.  I now present an overview of 
studying odor. 
 
Science of odor characterization, monitoring and mitigation techniques 
Identifying odor  
Odor is the human sensation of smell caused by multiple constituents in the air, though ammonia, volatile 
organic compounds, and hydrogen sulfide are the major aroma producing chemicals for unpleasant livestock 
odor (U.S. National Research Council 2003). However, Schifmann et al. (2005) identified over 330 odor-
producing compounds from swine manure, so many more types of odorants are possible.  Larger animal size, 
warmer temperature, higher humidity, and slower wind speeds all lead to increased ambient odor production 
(U.S. National Research Council 2003).  Qualifying and quantifying odor remains a diverse and inconclusive 
topic of ongoing research.  Odor units [OU] may characterize odor by a volumetric concentration [OUm-3], 
which is the favorable unit for input and output requirement of dispersion models.  Conversely, human 
perception of odor is rated according to any of the following:  odor intensity, hedonic tone, and dilution factor.   
Odor intensity scales from zero to some higher number (5, 8, or 10) for greater odor presence (Jacobson et al. 
2000; Zhou et al. 2005).  Hedonic tone measures the pleasantness/unpleasantness of an odorous sample of air 
from a scale of 0-2 for tolerable, decreasing to -8 to -10 for intolerable (e.g. Lim et al. 2001).  A dilution factor 
represents how many volumes of clean air are needed to dilute odorous air [2:1, 7:1, 15:1, 30:1] until it reaches 
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a detection threshold (e.g. Agnew et al. 2006).  Scentometers and olfactometers allow a sniffer to measure the 
dilution ratio by ‘dialing’ into the closest dilution ratio until the diluted air at the human nose reaches the odor 
detection threshold.  Each human tester sniffs air samples to determine a particular odor quality.  The consensus 
odor intensity, hedonic tone, or dilution factor detected among 50% of the test sniffers then is converted to an 
odor concentration using a statistical analysis, (e.g. Nicolai et al. 2000).  The odor intensity demonstrates how 
many odor units (mass of an odorous mixture in a cubic meter of air) are present (The University of New South 
Wales 2006).  An alternative definition of an odor unit is the numerical factor of dilutions that a sample of air 
needs until the odor concentration reaches the odor detection threshold (ODT) (U.S. National Research Council 
2003).   The ODT relates to the odor concentration roughly according to a value of 2 OUm-3.  The threshold at 
which odor intensity reaches a nuisance or annoyance criteria remains a subjective approach.   
Odor measurements are difficult to compare from multiple studies because odor is perceived according to 
the large variations in time for each study.  Human panels sniff air between successive five or ten-minute 
intervals during a 30 minute to two-hour period (e.g. Lin et al. 2006) or as little as only once daily in the evening 
(e.g. Jiang 2000).  Additionally, livestock do not create constant odor emissions. Some production sites use 
mechanical ventilation to keep a favorable environment for livestock such that odor is released infrequently in 
short bursts.  In contrast, odor emissions from natural ‘tunnel’ ventilated sites are more dependent on the outside 
environmental wind speed.  Air moves into one end of the building and flows out the other (U.S. National 
Research Council 2003).  Area coverage of the source emission also complicates the odor intensity.  Schiffman 
et al. (2005) reported that emissions from lagoons or earthen pits would have a different odor quality than 
emissions coming from a livestock facility.  Additionally, they suggested that a line emission of stronger odor 
from a livestock building might be short lived whereas a weaker odor emitted from a larger area may 
significantly contribute to human annoyance over a longer time scale than five or ten minute intervals.  
 
Modeling of odor 
Researchers simulate odor movement according to the area scale, timing interval of emission release, and 
duration for each particular application.  Disagreement occurs between a model predicted mean concentration 
over a set time and an instantaneous peak concentration measured by a human panel (e.g. Wang et al. 2005).  In 
spite of the discrepancies between measurement values, numerical models help predict livestock odor.  The 
simplest models use empirical relationships for quantifying dispersion and assume a Gaussian distribution of the 
odor plume behavior (e.g. Smith 1993).  These plume or puff models calculate a steady-state wind field and 
allow the odor to move with the winds frozen in time.  Zhou et al. (2005) found general agreement between 
three operational Gaussian-type models (ISCST-3, AUSPLUME, and IN-PUFF-2) for predicting odor transport 
several kilometers from the emission source but they observed an under-prediction of odor concentration in the 
nearest 100 m from the start of the plume.  They suggest that the smaller scale flow effects downstream of the 
farm operations are not resolvable in these operational models and may contribute to the noted error.  Wang et 
al. (2005) simulated odor transport using CALPUFF and ISCST-3 with general agreement in the two models.  
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Gaussian plume/puff models predict dispersion adequately under stable conditions, but Jacobson et al. (2000) 
demonstrated that during unstable or neutral conditions the IN-PUFF-2 under-predicts the decrease of odor 
concentrations.  For daytime windy conditions, the model may underestimate emissions from area sources of 
odor in single or multiple farming locations.  Better predictions of odor concentration from multiple area and 
point sources may be achieved using non-Gaussian, Lagrangian stochastic dispersion model such as from Hsieh 
et al. (2003, cited in Schiffman et al. 2005).    
 
Controlling odor transport 
Agricultural producers can control odor emissions with several techniques.  However, no individual remedy 
solves the odor problem and instead farmers must combine multiple implements for effective odor reduction 
(Ullman 2005).  Possible remedies include: spraying oil or water on farm litter to encourage dust deposition, 
feeding animals with oil enhanced supplements, which promote less odorous waste, cleaning exhaust air using 
bio-filters or bio-scrubbers, processing manure into liquid for field application, or choosing long term solid 
manure storage  (Schiffman 2005; Ullman 2005).  Bottcher et al. (2000, 2001) attached metal elbows to 
ventilation fans and erected simple windbreak walls at tunnel ventilated swine facilities in North Carolina.  The 
elbows and windbreak walls deflected the flow of emissions upwards to faster wind speeds and increased odor 
dispersion during neutral or unstable conditions.  Plume dilution, however, was less effective for cases of strong 
stability (e.g. fog).  A tunnel ventilated swine site at the University of Kentucky noted improvement with a tall 
dispersion stack attached to the roof (Bottcher et al. 2001), yet the cost of the stacks makes other remedies more 
desirable.  In a wind tunnel study, Ikeguchi et al. (2003) placed an artificial windbreak wall on the windward 
side of a naturally ventilated building. The researchers observed a decrease in wind inside the building as the air 
above the building re-circulated down into the structure, continued out through the opposing end, and 
approached the windward barrier. They suggested that this configuration would trap more dust and odor 
emissions especially if a fogging and sprinkler system was built windward of the barrier to limit upward mixing 
of the odorous particles and enhance capture at the wall.  These dispersion methods may improve odor dilution 
at tunnel-ventilated livestock farms, but not necessarily at facilities that use forced ventilation.  
Natural vegetative buffers may provide an economically sensible and environmentally friendly approach for 
odor management around livestock facilities (e.g. Ullman 2005).  Trees and shrubs provide filtering of dust, 
odor, and noises from livestock confinement operations and taller trees develop favorable public perception of 
agricultural productions sites (Patterson and Adrizal 2005; Tabler 2004; Tyndall and Colletti 2000).  Vegetation 
with heterogeneities of twigs, needles, and branches will trap particulates more effectively than a simple 
windbreak wall (Freer-Smith et al. 2004).  Laird (1997) and Thernelius (1997) explored the use of an artificial 
barrier for controlling dust transport from a swine operation in a wind tunnel study.  The tallest and densest 
barriers that were placed closest to the house provided the greatest retention of dust particles from far outside 
the testing domain.  Trees and shrubs also serve as a scrubbing mechanism of automotive, industrial, or 
agricultural pollutants (and Lehndorff and Schwark 2004; Rao et al. 2002; Urbat et al. 2004) and as a sink for 
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microbes to decompose odor and other pollutants stuck to the waxy surfaces of leaf and needle cuticles 
(Reischel et al. 1987, 1989).    
A mature shelterbelt planted in the lee of a livestock emission outlet may reduce odor transport.  Lin et al. 
(2006) generated a point source of odor emission from artificial means on the windward side of four separate 
shelterbelt locations at distances of 15, 30, and 60 m from the windbreak edge.  A panel of experts tested the 
odor intensity of the air in the leeward side of the trees.  As expected, the human panel detected weaker odor 
during conditions of low wind speed and static instability. The shelterbelts comprised of denser evergreen trees 
increased odor dispersion as compared to shelterbelts of more porous deciduous trees.  Denser barriers most 
effectively lifted odor plumes to the regions of faster wind speeds and increased turbulence above the trees to 
create rapid dilution.  Additionally, the study suggested that odor emissions placed as close as reasonably 
possible (15 m) to the windward side of the shelterbelt yield the largest improvement in the dispersion of odors. 
A subsequent study by Lin et al. (2007) demonstrated that warm temperatures, strong wind speeds, and flow 
blowing normal to the shelterbelt all promote odor dilution.  In the following chapters, I will demonstrate the 
potential by shelterbelts for controlling agricultural odors using a numerical model that has been extended for 
nighttime atmospheric conditions of slow wind speed and little vertical mixing.  Knowledge of odor 
measurement and analysis will help interpret odor transport and dispersive potential by shelterbelts for the 
model in Chapter 3.  I must first describe in Chapter 2 the development of this model for stably stratified 
conditions and show its significance and performance to modifying microclimate around windbreaks before 
reporting the model application to odor control. 
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CHAPTER 2.  Stable stratification interactions within shelterbelt-perturbed flow 
 
Modified from a paper to be submitted to Boundary-Layer Meteorology 
 
Daniel A. Rajewski and Eugene S. Takle 
 
Abstract 
We have modified an existing shelterbelt boundary layer model to investigate the effect of stable 
stratification on mean flow, turbulence, perturbation pressure, and potential temperature near a shelterbelt.  Our 
model physically captures the effects of stratification slowing the recovery of horizontal momentum and 
dynamic pressure in the shelterbelt lee, consuming the shelter generated turbulent kinetic energy in the lee, and 
developing a prolonged surface region of little mixing.  The model gives agreement in basic theory of scalar 
transports, and we observe lee-side cooling and adjacent wake warming.  A combination of slower wind speed, 
and a taller or wider windbreak may promote flow recirculation in the lee, however strong stability appears to 
weaken this signature.  With further testing in thin and solid obstacle barriers, this model provides new 
opportunities for application to both stably stratified and neutral shelterbelt-perturbed flows. 
 
Keywords 
Shelterbelts – stable stratification – Monin Obukhov Similarity Theory – momentum –turbulence – 
perturbation pressure 
 
1. Introduction 
Shelterbelt and windbreak flows are the subject of ongoing studies in field experiments, wind tunnel 
experiments and numerical modeling.  Effective use of shelterbelts and windbreaks during daytime, well-mixed 
conditions benefits crops, soils, and livestock (Brandle et al. 2004; Cleugh 1998), energy conservation near 
buildings (Wang, 2006), snowdrift reduction, and collection of drifting particulates (Park and Lee 2002; Ucar et. 
al. 2003).  Shelterbelts slow mean momentum and reduce turbulence near the surface in their lee region. 
Conversely, windbreaks increase mean momentum and enhance turbulence above the shelterbelt top and above 
in the lee region.  Mean velocity and turbulence vertical profiles recover in the wake region, usually several tens 
of heights of the obstacle from the windbreak edge (e.g. Heisler and DeWalle 1988).  Less examined in 
shelterbelt-perturbed flow during stably stratified conditions are patterns of momentum, turbulence, and scalars, 
which include temperature, specific humidity, chemical pollutants, agricultural particulates, and odor.  Stull 
(1988) describes the development of the stable boundary layer.  In the absence of both clouds and high moisture 
content, the daytime mixed layer transitions to a nocturnal boundary layer as the radiational cooling of the 
surface creates sub-adiabatic conditions.  This stable layer increases in height as the night progresses.  The 
stabilizing temperature gradient cuts off mixing from aloft and creates approximately laminar flow near the 
surface. 
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Field and wind tunnel experiments along with numerical simulations suggest that stratification reduces the 
wind speed drop in the quiet zone of a semi-porous to solid fence windbreak as compared to wind reductions 
occurring for neutral stability (Ogawa and Diosey 1980a, 1980b; Jacobs 1984a, 1984b; Wilson 2004a).  Yet 
Miller et al. (1975) observed greater momentum reductions behind a young very porous shelterbelt and 
attributed the slower approach speed to extending the quiet zone leeward of the shelter.  Strong stability also 
may prevent flow recirculation behind dense barriers (Ogawa and Diosey 1980a, 1980b).  The shelter creates a 
maximum in turbulence at the upstream side of the obstacle, but farther into the lee, the strong thermal gradient 
squelches the turbulence generated by the shelter and wind shear.  A similar quenching of turbulence for stable 
conditions occurs above and within a forest canopy (Baldocchi and Meyers 1988; Leclerc et al. 1990, 1991).  
Jacobs (1985) observed that stably stratified flow prevents rapid recovery of the horizontal turbulent component, 
σu, to upstream conditions.   
As observed by Cleugh (1998) and McNaughton (1988) in neutral conditions, the region of reduced 
turbulent kinetic energy (TKE) prevents substantial mixing of any scalar quantity allowing strong near-surface 
Therefore, gradients of warmer and moister air to reside in the lee for daytime conditions that involve dry air 
advection.  At night, profiles of potential temperature and specific humidity increase with height so that the 
reductions in momentum and vertical mixing in the shelterbelt lee promote cooler and drier near-surface air.  
Farther downstream, as wind speed and TKE recover to the upwind-of windbreak characteristics, the air may 
warm and moisten more than temperature and moisture conditions upstream of the barrier (Skidmore et al. 1972; 
Wilson and Argete 1989).   However, Wang and Klassen (1995) suggest that intermittent turbulent gusts or 
release of heat from the vegetative or soil surface may limit strong cooling in the near lee.  Infrared radiation 
emitted from vegetative windbreaks also may prevent lee-side frost formation (Eastham and Rose 1988, cited in 
Cleugh 1998).  
In this study, we report the effect of stable stratification interacting with winds, turbulence, and scalars near 
a porous windbreak.  The model of Wang and Takle (1995), (hereafter referred to as WT95), has successfully 
simulated common features of shelterbelt flow patterns in neutral conditions (Wang et al. 2001).  We proceed 
with caution for extending our model to stably stratified conditions as Wilson and Yee (2003) proposed that 
steady state Reynolds Averaged Navier Stokes (RANS) models may not suffice in all applications of disturbed 
wind flow.  Nevertheless, we extend the WT95 model and demonstrate the effect of stratification on the mean 
horizontal and vertical momentum, TKE, pressure perturbation, and potential temperature.  The effect of 
stratification in contrast to well-mixed conditions, on horizontal wind speed, TKE, perturbation pressure, and 
potential temperature recovery in the lee-side of the barrier is reported.  Finally, we demonstrate the capabilities 
of the model through a comparison with previous studies (e.g. Ogawa and Diosey 1980a, 1980b; Jacobs 1984a, 
1984b; Wilson 2004a, 2004b).  The results will serve as a foundation for an application of how windbreaks may 
promote nighttime dilution of odor near a poultry confinement operation to be reported elsewhere. 
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2.  Model Development 
a. Numerical methods: 
The WT95 model invokes a second-order turbulence closure-scheme as suggested by Mellor and Yamada 
(1974, 1982) and with level one and half eddy viscosity parameterization of second-moment variables.   The 
model relates porosity and the resistance coefficient to the area density of obstacle parts within each grid box 
mapped onto the shelter.  Hoerner (1965, cited in Wang and Takle 1996a) devised an empirical formula for 
calculating a resistance coefficient, kr, in terms of porosity, φ, of many semi-porous materials.  Wilson (1985) 
used this formula to describe a kr of 2.0 for a porosity of 0.5 for a square bar lattice plane.   
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Wang and Takle (1996a) reported an incorrect formula for their calculations of resistance from shelterbelt 
porosity.  The correct version of the widely accepted formula was discovered and confirmed by Schmidt (2007, 
personal communication) and can be found according to (Wang 2007).  The surface area density per unit 
volume of an obstacle, A, follows the identical formulation of the original WT95 model: 
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where the integral of dx is the width of the obstacle element and cd is the drag coefficient.  WT95 used a value of 
1.0 for the drag coefficient in their experiments.  A real shelterbelt was disassembled at Mead, NE in 2001 (e.g. 
Zhou et al. 2002).  From the area density data of those trees, Falk (2004) calibrated the WT95 model with 
measured wind speeds across a horizontal transect through the shelter and determined a best-fit value of 0.23 for 
the drag coefficient.    
For the purposes of WT95 and the current study, we remain in a two-dimensional grid and assume that the 
obstacle is infinitely long.  We neglect the boundary effects on the crosswind edges of the obstacle.  If the mean 
wind is perpendicular to the obstacle, we can develop RANS equations for momentum, continuity, and potential 
temperature.  We simplify the problem by assuming a non-hydrostatic, incompressible and invscid boundary 
layer without radiation and the Coriolis forcing to yield the RANS equations: 
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For simplicity, we have ignored the presence of specific humidity in a RANS equation and presumed a dry 
atmosphere.  Also lacking is the net radiation divergence term in the potential temperature equation because we 
are not considering time dependent surface forcing.   We omit averaging bars for each mean variable for 
equations (3-6) and for following equations.  The terms in the momentum (u) and (w) equation represent the 
pressure gradient, the horizontal and vertical advection terms, turbulent diffusion terms, the buoyancy parameter 
(for vertical motions), and the drag forces.  Stull (1988) expresses the forcing for each equation under the 
aforementioned prescribed conditions.  The first two terms in the potential temperature equation represent the 
horizontal and vertical advection, respectively, and the third and fourth represent the turbulent heat diffusion.   
 The velocity fluctuation correlations (Reynolds stress terms) are parameterized according to first order K-
theory.  We assume an isotropic production of turbulence so that only Reynolds stress terms in the z direction 
are providing dominant forcing to the mean wind.  The WT95 model relates the mean vertical gradients of 
momentum to the momentum fluxes as:  
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Additionally, Hipsey et al. (2004) apply this simple formulation for turbulent heat flux: 
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KM is related to the turbulent kinetic energy (TKE), e, and is represented by: 
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Where c is a dissipation coefficient and we assume the value of 0.046 determined by Mellor and Yamada (1982) 
from their laboratory experiments for neutral conditions.  l is the mixing length and is the product of kz, and the 
diabatic correction factors, φM  and  φH, represent stability effects that will be determined in the initial conditions.  
k is von-Karman’s constant and is assumed to have a value of 0.4, although the field experiment of Businger et 
al. (1971) chose the best representation of fitting experimental data to a polynomial function by using a constant 
of 0.35.   
The TKE equation follows as:  
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The tendency of TKE is dependent on horizontal and vertical advection, turbulent diffusion, buoyancy 
production, shear production, dissipation, and mechanical production due to the obstacle elements.    The 
buoyancy flux is parameterized for non-saturated conditions by the vertical eddy and moisture fluxes as shown 
in Stull (1988): 
 
( )[ ] ( )''61.061.01''' qwqww V θθθ ++=′        (13) 
For a dry case, we can simplify to:  '''' θθ ww v ≅        (14) 
 
 b. Solution method 
The WT95 model simultaneously solves prognostic equations of eddy viscosity, potential temperature, u 
and w momentum, and TKE for all iterations in the model until we believe that the flow pattern has reached a 
steady-state condition.  Advection terms use backward space differencing, pressure terms use centered space 
differences, and all other gradients assume a forward space difference.  For every time step, the model solves 
these sets of equations iteratively based on the parameterization of the Reynolds stress terms in the u and w 
momentum and potential temperature equations and the turbulent diffusion term in the TKE equation.  The 
auxiliary velocity terms of u and w momentum, denoted as uaux and waux, do not include the effect of the pressure 
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gradients. The model then uses these guess velocities in a diagnostic equation to relate divergence to dynamic 
pressure, p’.   The pressure equation is as follows: 
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To solve equation (15), the WT95 model performs the Gauss-Seidl iterative procedure with successive 
over-relaxation until reaching an acceptable value of error tolerance (10-4) for the pressure field to converge.  
The combination of the pressure gradients and the auxiliary velocities produces the corrected wind speed for the 
next time step.  Initially, the model runs without any obstacle, allowing the mean wind to reach the steady state 
condition.  The criterion for convergence is that the normalized error of mean kinetic energy (MKE) averaged 
over all grid points has achieved an acceptable tolerance (less than 10-4) for each grid point.  The obstacle effect 
is then inserted into the computational domain and the model readjusts all variables until the same error 
tolerance is achieved.    
 
c.   Computational domain and numerical considerations 
As determined by WT95, the depth of the model is to be larger than 8 times the height of the shelterbelt (H) 
and small enough to neglect interaction with the Coriolis force.  For a shelterbelt of H=10 m and width of 1.5 H, 
we chose a model top of 300 m to contain as much of the turbulent motions as possible without causing 
boundary reflection back into the center of the grid.  We used a windward computational distance of at least 60 
H and a leeward distance of 100 H to allow sufficient horizontal distance to observe effects of the shelter under 
stratified flow conditions.  We first create a uniform grid with a dx of 1.5 m and dz of 1.0 m for exploring the 
stratification effect on a simple 10 m tall, 15 m wide shelterbelt with a porosity 0.5.  To ensure both numerical 
stability and a smoother physical depiction of the model fields, a time step of 0.005 sec is required.  For later 
testing, we create a stretched grid with a factor of 1.1 to capture the motions occurring near a thin barrier to 
compare our model fields with measured data from previous fence studies (e.g. Jacobs 1984).  Near the 2 meter 
tall, 0.02 m wide fence, we use a dx=0.01 m and dz=0.1 m and far from the barrier a dx=1.5m and dz=1.0m.   
The model boundary conditions at the surface (z=z0) give a no-slip condition for wind (u = w = 0) and normal 
derivatives of TKE, and p’ equal zero.  Potential temperature remains constant at the surface θ = θ0 at a 
reference temperature of 291.15 K.  At the top boundary, the normal derivatives of TKE, and p’ were zero while 
u remains constant (10.0 ms-1) and w is zero.  We set a potential temperature value at the top such that the 
temperature lapse rate between the model top and bottom grid points will never be greater than the dry adiabatic 
lapse rate of 9.8 K km-1.   Lateral boundary conditions require that the normal derivatives of all variables are 
zero to prevent ‘wall effects’ at the upstream and downstream locations.  
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d. Initial Conditions without the obstacle 
Using the gradients of potential temperature and wind speed between the model top and bottom grid points, 
we develop a value of stratification based on the gradient Richardson number (e.g. Stull 1988):   
22






∂
∂
+





∂
∂
∂
∂
=
z
v
z
u
z
g
Ri r
θ
θ
         (16) 
 
The quantity g/θr is the gravitational acceleration with respect to a reference potential temperature and is 
assumed a value of 0.0333 ms-² K-1. 
To relate stratification to the eddy viscosity in the model and to validate stability qualifications found in 
previous studies, we must convert the Richardson number to a stability value using Monin-Obukhov similarity 
theory (MOST).  Businger et al. (1971) devised a quadratic function to relate the Ri to stability values ζ  or (z/L) 
in the surface layer for stable stratification: 
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We solve for ζ at the model top using an iterative procedure until reaching a convergence tolerance as defined 
that the difference between successive steps be less than 10-6.  The model-top stability is then represented by a 
Monin Obukhov length where:  
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After our model calculates the stability, we need the friction velocity and other related diabatic correction 
factors to create the initial wind and temperature profiles.  We solve for the friction velocity from the following 
relation: 
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The displacement height, d, is assumed a value of 0.65 times the crop height.   z0M is the momentum roughness 
length and is assumed a value of 0.1 times the crop height.  We assume a crop height of 0.4 m, a typical height 
for short crops and in the open terrain roughness classification. ΨM is the stability correction factor such that: 
For stable stratification:   
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We can relate a surface turbulent heat flux (i.e. sensible heat flux) to the Obukhov length by using the friction 
velocity: 
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The development of the initial eddy viscosity values requires a dependence on stratification, for which we 
used the Businger-Dyer flux profile relationships (e.g. Stull 1988): 
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We assume the turbulent Prandtl number (KM/KH) and keep the neutral condition of 0.74: 
 
where for L > 0: 
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and β is 4.7 (Businger et al. 1971). 
The final process in establishing the initial conditions is to develop the wind and temperature profiles over 
the entire domain assuming no heterogeneities in the roughness. These equations are represented as: 
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which is the potential temperature at the roughness length for heat. 
 
Vertical motion and perturbation pressure are zero everywhere over the domain.   We define the initial 
TKE, e0, by friction velocity and the aforementioned dissipation coefficient, c as: 
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u
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3.  Results 
Mean fields of u and w momentum, TKE, pressure perturbation, and potential temperature are used to 
reveal the impact of stratification on shelterbelt induced flow.  For a chosen Obukhov length of 50 m 
(moderately stable conditions), we set a model top wind speed of 10.0 ms-1.   The boundary layer top 
temperature is constant at 293.187 K.  For the surface, the reference temperature of 291.150 K achieves 
moderately stable conditions (L=50 m).  As mentioned before, the shelterbelt has a height of 10 m and width of 
15 m and has porosity of 0.5.   The converged solution creates patterns in normalized horizontal wind speed, 
vertical velocity, normalized TKE, and normalized perturbation pressure within the shelterbelt for stable 
conditions similar to those for neutral stability.  Departures of potential temperature from the upstream reference 
stratification overlaid with flow contours (Figure 1) suggest cooling in the near surface lee of the windbreak 
(x=0 to 5 H), slight warming next to cooling (x=10 H), but little evidence of surface warming in the entire wake 
region (x > 20 H).  Downward motion induced by the shelter brings larger theta toward the surface and creates 
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the largest warming above the shelterbelt top in the lee (x=15 H). Conversely, uplift windward and within the 
windbreak brings cooler near-surface air to several meters beyond the shelterbelt top in the aforementioned near 
lee.  Although magnitudes are weak, the shelterbelt affects the potential temperature in agreement with the basic 
theory of scalar transport in the lee and slightly in the wake regions of a windbreak (e.g. Cleugh 1998; 
McNaughton 1988).   
Mean and turbulent flow fields are substantially modified by the stratification.   Normalized horizontal 
momentum, (u/u0), remains twelve percent above the value found in the near lee during neutral conditions 
(Figure 2a). The location of the maximum wind speed reduction has shifted nearly 10 H downstream from the 
location for neutral conditions. Wind recovery in the wake does not occur until nearly 60 H downwind.    
Directly above the leeward edge of the belt at z=2.0 H and out to x=20 H, the strong horizontal wind shear from 
the stratification influence on the barrier promotes a larger speed-up zone than what occurs for neutral 
conditions.  Stratification reduces both upward motion ahead of the shelter and downward motion behind the lee 
edge of the shelter (Figure 2b.).  The region of maximum descent has also shifted downstream of the location for 
neutral stratification.   
Moderate stability additionally resists the air’s ability within the shelter to sink in the bottom half of the 
windward edge and rise in the leeward edge.  This influence leads to the slightly faster recovery of near surface 
winds in the immediate lee of the windbreak as mentioned in Figure 2a.  The shelterbelt influence produces 
nearly four times the maximum normalized TKE value in stratified flow than occurs for well-mixed flows 
(Figure 2c).   However, the temperature stratification eliminates much of the turbulence generated within and at 
the top of the shelter in the quiet zone and downstream from the shelterbelt top in the over-speeding zone.  
Recovery of the initial vertical profile of TKE requires a distance of nearly 60 H.  Pressure perturbations (Figure 
2d.) are positive at the inflow and outflow boundaries instead of near-zero p’ for well-mixed conditions.   At the 
windward edge of the shelterbelt, the positive p’ is slightly weaker than for neutral conditions, whereas 
downstream of the lee edge, the negative p’ is stronger in the lee and the pressure drop remains throughout a 
protracted recovery region.  
We compare our model results within and above the windbreak with available measurements and analyses.  
Leclerc et al. (1990) collected stability data within and above a deciduous forest to calculate Reynolds stress and 
TKE budgets.   We normalize each tendency term with the mean kinetic energy (MKE) at the shelterbelt height.  
Leclerc et al. normalized by h/u*3(h), but we found this method to have a negligible influence in all terms for our 
application.  In the TKE budget upstream of the windbreak, (x=-10 H), as in Figure 3a., near-ground, shear 
production is balanced by dissipation and a small but noticeable buoyant destruction.  Within the middle of our 
windbreak (x=-0.75 H), the TKE budget terms increase by nearly a factor of 10² (Figure 3b).  We observe that 
the TKE maximum occurs near or at the shelterbelt top while the forcing decays in intensity below 2/3 of the 
tree heights.  Leclerc et al. (1990) came to a similar conclusion from their budgets and emphasized that the lack 
of radiation effects in the lower canopy yielded smaller terms.  Our model is less sensitive to the effect of 
buoyant destruction within the shelterbelt, but the forcing is somewhat noticeable two to three shelterbelt heights 
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above the windbreak.  At the shelterbelt height, we observe a maximum in shear and shelter produced TKE.  
Leclerc et al. (1990) plotted the TKE budget but also separated turbulence into small and large scales with 
budgets for shear kinetic energy (SKE) and wake kinetic energy, respectively. Only SKE was plotted with the 
effect of canopy drag.  Another contrast is that our results include extra horizontal and vertical advection terms, 
whereas the deciduous forest study averaged several periods in which a particular stratification level occurred 
for calculating those budgets.  Downstream of the shelterbelt (x=10 H), our TKE terms substantially decline to 
small values and appear negligible a few meters above the surface.  Our model stratification suppressed the 
leeward TKE in agreement with the very slow recovery of turbulent fluctuations (σu/σu0) in the lee of a barrier as 
demonstrated by Jacobs (1985) behind a thin, solid fence.    
We modify the initial conditions to examine more effects of stratification on shelterbelt flow.  First, we 
change the model top wind speed and examine the effect on normalized values of wind speed, TKE, perturbation 
pressure, and potential temperature for both neutral and stably stratified flow.  We test four model-top wind 
speeds under neutral and moderately stable conditions.  For the stably stratified runs, the Obukhov length 
remains constant at 50 m by changing the temperature at the boundary layer top.  Table 1 displays the model top 
wind speed, model top potential temperature, friction velocity and kinematic sensible heat flux that kept the 
stratification constant.   For normalized wind speed, we see that all wind speeds with stable conditions yield a 
much smaller surface wind-speed reduction in the near lee.   However, windbreaks produce more substantial 
wind speed reduction out to x=20 H because the stratification prevents rapid recovery of the vertical profile of 
momentum that occurs in well-mixed flow.  In agreement with the observations from the Ellerslie fence 
windbreak by Wilson (2004a), faster approach speed improves the sheltering capabilities for both well-mixed 
and stably stratified conditions in our model (Figure 4a).  The slowest model top wind speed creates a slight 
recirculation near the surface.   
 In a related test for a model top wind speed of 10.0 ms-1 and a stratification of 50 m we configure 
shelterbelts of various widths or heights while keeping the shelter porosity constant at 0.5 (kr=2.0) as suggested 
by Wang and Takle (1996b).  A shelterbelt taller or wider than 1 H, (H=10 m) promotes lee-side recirculation.  
Wilson (2004a) mentioned a possible dependence on the Reynolds number for the resistance coefficient, kr, for 
screens and points out that the kr value in the field will change from what wind tunnel testing suggests.  For 
heights or widths beyond 2 H (H=10 m) in our model, the recirculation zone becomes unsteady and promotes 
both a break down of the stratified temperature gradient and ultimately computational instability.  At the 
shelterbelt height the stratification still influences horizontal wind speed recovery up to x=10 H from the 
leeward edge (Figure 4b).  However, above the belt, (figure not shown) the strong wind shear creates a more 
significant speed-up zone and horizontal winds also require up to 80 H for returning to upstream characteristics 
as compared to 65 H in neutral conditions.  
Slower winds within the shelter yield a greater change in turbulence from the upstream conditions under 
stable stratification (Figure 5). This result appears counter-intuitive because faster winds generally produce more 
TKE because larger speed shear is present and the mean wind loses more kinetic energy from drag interactions 
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in the windbreak.  Thus, for lower winds and turbulence in the initial conditions, the shelter influence has a 
larger effect.  In the lee zone, the stratification completely changes the turbulent scales compared to neutral 
conditions.  For all model top wind speeds, the temperature gradient destroys the normalized TKE produced 
from the shelter until approximately 10 H from the lee edge of the windbreak at the lowest regions of the shelter 
(Fig 5a).  Turbulence recovers to its initial upstream profile slowly for z=0.5 H (figure not shown), especially in 
faster winds for which the shelterbelt creates a larger wake region.  At the shelterbelt top, however, the TKE 
value overshoots upstream conditions at x=20 H.  We attribute this fast recovery to wind shear-produced 
turbulence at the lee edge of the trees, which becomes a separate circulation fed by the strong vertical gradient in 
u momentum in the lee zone.   All stable winds (Figure 5b) exhibit this feature.  
 Faster winds increase the positive pressure perturbation at the windward edge of the windbreak and reduce 
the pressure perturbation drop (i.e. make pressure less negative) at the lee edge of the shelterbelt for both neutral 
and stable conditions (Figure 6).  Pressure recovery in the wake is faster for smaller wind speeds and slower for 
larger wind speeds.  The stratified flow produces smaller pressure rises ahead of the barrier and larger pressure 
falls behind the barrier.  The stability also extends the pressure recovery region to nearly 60 H as compared to 
roughly 20 H for neutral stratification.  For normalized potential temperature, as shown in Figure 7a, we observe 
that as the approach speeds increase, the windbreak promotes greater lee-side cooling and adjacent warming 
near the surface.  Slower horizontal wind speed recovery promotes a greater distance of altering potential 
temperature for both cooling and warming.  The increase in cooling and warming collocate with the increase in 
wind speed.  At the z=0.5 H level, this signature of cooling and warming reaches maximum distance and 
magnitudes (Figure 7b), whereas at the top of the shelter (Figure 7c) and especially at the twice the treetop 
height (figure not shown) cooling and warming regions decay.  
We tested our shelterbelt in varying stabilities to determine any impacts on near surface recirculation zones 
as suggested by Ogawa and Diosey (1980a, 1980b).  For a model top wind speed of 10.0 ms-1, we modified the 
temperature gradient to observe the impact on shelter-stratification interactions.    Six different stratifications are 
chosen (L= infinity, 1600 m, 400 m, 200 m, 100 m, and 50 m) with the same 10 m tall, 15 m wide shelterbelt 
with medium porosity of 0.5 (kr=2).  Table 2 displays the temperature gradients, friction velocity, and kinematic 
sensible heat flux, which gave the aforementioned stratifications.  Slight departures from neutral conditions 
(L=1600 m) led to the development of near surface recirculation (-1.0% for u/u0) at 5 H from the lee edge of the 
shelterbelt.  The zone of this cavity expands downstream to 8 H for weak to somewhat moderate stability 
(L=200 m, 400 m).  However, with a stronger stratification (L=50 m), recirculation is hardly noticeable (0.1% 
for u/u0), and the region of greatest wind speed reduction has shifted downstream to 15 H (Figure 8a).  
Additionally, stronger stratification suppresses TKE recovery in the near surface shelterbelt lee and weakens   
the turbulent motions that support recirculation (Figure 8b).   
 Moderate to strong deviations from well-mixed conditions yield larger pressure drops at the lee edge 
(Figure 8c), and greater distances for the perturbation pressure’s return to upstream-of-windbreak conditions.    
Stratification changes give unclear results on normalized potential temperature patterns in the lee and wake 
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regions (Figure 8d).  Weak stability promotes increases in the magnitude of lee-side cooling and in the 
horizontal extent of the cooling.  Likewise, slightly stable conditions favor an increase in both the magnitude of 
warming in the wake and horizontal region of warming.  Stronger stratification appears to suppress both 
intensity and area influence of any cooling or warming behind the windbreak.  Stratification stronger than L=50 
m may produce significant results in inhibiting the lee-side recirculation but our model has difficulty simulating 
conditions where L < 45 m. 
 
4.  Discussion 
We have shown the possibility of simulating a steady state condition of stable stratification interactions 
within shelterbelt-perturbed flows.  Returning to the original concern by Wilson and Yee (2003) on the universal 
applicability of RANS models, we analyze our model with their considerations.  Wilson (2004a) explained 
natural inconsistencies in boundary layer behavior that may not agree with similarity profile laws.  
Homogeneous surface conditions at all times and places are unlikely and the atmosphere responds to spurts in 
advection or local sources and sinks.  He observed in the Ellerlslie windbreak experiment few periods when both 
the flow was perpendicular to his thin fence and the wind speed was strong enough to limit errors in cup 
anemometer measurements.  Perhaps, steady state conditions are never justified in stably stratified conditions for 
field and numerical simulation applications.  Nevertheless, Wilson (2004a) measured and calculated mean 
momentum and momentum variances over the fence for oblique flows during strong stratification.   Increased 
flow obliquity to the fence decreased the influence of stratification on flow departures from well-mixed 
conditions.   His corresponding modeling study (Wilson 2004b) was consistent in the measured responses for 
which strong stratification weakened the drop in wind speed behind the lee and quickened wind horizontal speed 
recovery (L=30 m, H=2 m, φ=0.45). Wilson postulated that the faster flow recovery of turbulent fluctuations in 
the wake occurs from intense wind shear associated with stratified flow above the windbreak.  The return flow 
over the fence may contribute TKE advection to the surface from the high concentration of turbulence above and 
within the top part of the windbreak (Wilson 2004a).    He recognized that averaging measurements over an 
interval may obscure, rather than reveal the processes that lead to obstructed flow patterns.    
Our model suggests that a medium porosity, mature height shelterbelt interacts with the stable stratification 
to enhance the quiet zone farther out in the lee and extend flow recovery distance similar to the conclusions 
made by Miller et al. (1975) for a small height and low porosity shelter.  TKE at the shelter height extending 
downstream appears to reach a quick recovery from the presence of strong horizontal wind shear generated by 
the coupled stratification and shelterbelt over-speeding response.  However, we do not observe the downward 
transport of turbulence responsible for recovery near the surface.  The lack of perpendicular winds blowing 
across the Ellerslie windbreak prompted us to compare our model wind speed recovery over a thin closed fence 
to the field experiment (L=22 m, H=1.98 m, width=0.02 m) by Jacobs (1984a, 1984b).  Unfortunately, our 
results require further testing of the small resolution within the fence because our simulations develop flow 
recirculation behind solid to near-solid barriers.  At this stage, we must be content with a uniform grid resolution 
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for the behavior of the shelterbelt flow in stable stratification, if the RANS approach is acceptable and even 
physically consistent for windbreak flow departures from well-mixed conditions.  Some later modeling 
experiments of increasing the shelterbelt porosity to 0.65 and 0.80 with the same stratification and model top 
wind speed revealed that less dense barriers do promote the faster recovery of wind speed, TKE and 
perturbation pressure in the lee as compared to recovery for neutral stability.  We hope to report more on the full 
interactions with varying shelterbelt porosity and stratification later. 
 
5. Conclusions 
We have redesigned the WT95 model to simulate rudimentary conditions of stably stratified flow within and 
surrounding a shelterbelt.  A combination of the gradient Richardson number and Monin Obukhov similarity 
theory creates upwind surface layer profiles of wind and potential temperature and initial turbulence, which we 
use to achieve a steady-state flow before mapping a simple shape, uniform density shelterbelt onto the 
computational grid. Our model produces slower wind speed recovery and diminished TKE in the lee region of 
the shelter.  Expected cooling and slight warming patterns in the lee and near wake regions also occur.  Similar 
to neutral conditions, increasing the wind speed in stratified flow slows recovery of wind speed, TKE, and 
perturbation pressure.  For greater approach speeds, strong stability interacts with the shelterbelt to yield more 
intense magnitude and larger regions in the lee and wake of cooling and warming, respectively.  The slowest 
winds in stable flows also tend to promote recirculation.  Windbreak height and width are strongly associated 
with the development of lee-side recirculation zones.  We believe that stable conditions in the model may 
weaken this recirculation if the wind speed is large enough under strong enough stratification.   
Slight alterations in stratification from the well-mixed conditions provide small but subtle changes in 
horizontal momentum, turbulence, and perturbation pressure in the lee and wake regions downstream of the 
shelterbelt.  Potential temperature effects by changing the stability remain inconclusive and call for further 
testing.  The model produces TKE budgets comparable to what may occur within a forest canopy. Nevertheless, 
we expect improvement by capturing inherent temperature and radiation differences outside and within the 
windbreak region.  Our model warrants further development for capturing flow behavior within thin solid or 
porous windbreaks.  However, modifications to the WT95 model reported here provide an opportunity to 
observe how stably stratified conditions interact with the shelterbelt to weaken the wind speed recovery in the 
lee and promote slower recovery rates of mean momentum, turbulence, perturbation pressure, and potential 
temperature.   
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Figure 1.  Potential temperature departures from the upstream reference stratification overlaid with flow 
contours around a 10 m tall, 15 m wide, medium density shelterbelt (kr=2.0) in moderately stable 
stratification (L=50 m) 
 
 
 
Figure 2a.  Difference between stable and neutral conditions for normalized u wind speed 
 29 
 
Figure 2b.  Difference between stable and neutral conditions for vertical velocity 
 
 
 
 
 
Figure 2c.  Difference between stable and neutral conditions for normalized TKE 
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Figure 2d.  Difference between stable and neutral conditions for normalized perturbation pressure 
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 Figure 3.  Vertical cross sections for TKE budget normalized by MKE at the shelterbelt height for stable conditions:  (a) upstream of the 
shelterbelt (x-10 H), (b) within the shelterbelt (x=-0.75 H), and (c) downstream of the shelterbelt (x=10 H) 
31
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Figure 4a.  Horizontal cross sections of normalized wind speed across the shelterbelt for neutral and 
moderately stable conditions at z=0.1 H 
 
 
 
Figure 4b.  Horizontal cross sections of normalized wind speed across the shelterbelt for neutral and 
moderately stable conditions at z=1.0 H 
 33 
 
Figure 5a.  Horizontal cross sections of normalized TKE across the shelterbelt for neutral and 
moderately stable conditions at z=0.1 H 
 
 
 
Figure 5b.  Horizontal cross sections of normalized TKE across the shelterbelt for neutral and 
moderately stable conditions at z=1.0 H 
 34 
 
Figure 6.   Horizontal cross sections of normalized perturbation pressure across the shelterbelt for 
neutral and moderately stable conditions at z=0.5 H 
 
 
 
Figure 7a.  Horizontal cross sections of normalized potential temperature across the shelterbelt for 
neutral and moderately stable conditions at z=0.1 H 
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Figure 7b.  Horizontal cross sections of normalized potential temperature across the shelterbelt for 
neutral and moderately stable conditions at z=0.5 H 
 
 
 
Figure 7c.  Horizontal cross sections of normalized potential temperature across the shelterbelt for 
neutral and moderately stable conditions at z=1.0 H 
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Figure 8a.  Horizontal cross sections at z=0.1 H of normalized wind speed for changes in stratification 
with a constant model top wind speed of 10.0 ms-1 
 
 
 
Figure 8b.  Horizontal cross sections at z=0.1 H of normalized TKE for changes in stratification with a 
constant model top wind speed of 10.0 ms-1 
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Figure 8c.  Horizontal cross sections at z=0.1 H of normalized perturbation pressure for changes in 
stratification with a constant model top wind speed of 10.0 ms-1 
 
 
 
Figure 8d.  Horizontal cross sections at z=0.1 H of normalized potential temperature for changes in 
stratification with a constant model top wind speed of 10.0 ms-1 
 
 38 
Table 1. Data for neutral and moderately stable surface layers (L=infinity and 50 m), θ0=291.150 Κ 
Model top wind speed  
utop (ms-1) 
Model top potential 
temperature θtop (K) 
Friction velocity 
u* (ms-1) 
Heat flux 
w’θ’ (Kms-1) 
Neutral:    
8.0 291.150 0.359 0 
10.0 291.150 0.448 0 
12.0 291.150 0.538 0 
14.0 291.150 0.628 0 
    
Stable:    
8.0 292.452 0.086 -9.596*10-4 
10.0 293.187 0.108 -1.874*10-3 
12.0 294.080 0.129 -3.238*10-3 
14.0 295.138 0.151 -5.140*10-3 
 
 
 
Table 2.   Surface layer data for a constant model top wind speed of 10.0 ms-1, θ0=291.150 Κ 
Model top temperature         
θtop (K) 
Friction velocity 
u* (ms-1) 
Heat flux 
w’θ’ (Kms-1) 
Obukhov length 
(m) 
291.150 0.448 0 infinity* 
292.068 0.408 -3.187*10-4 1600 
292.711 0.321 -6.217*10-3 400 
292.952 0.250 -5.882*10-3 200 
293.101 0.174 -3.927*10-3 100 
293.187 0.108 -1.874*10-3 50* 
* -- conditions are identical to those displayed in Table 1 for model top wind speed of 10.0 ms-1. 
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CHAPTER 3.  Stratified flow and odor transport at a poultry house with shelterbelt 
dispersion potential 
 
Modified from a paper to be submitted to Journal of Wind Engineering and Industrial Aerodynamics 
 
Daniel A. Rajewski and Eugene S. Takle 
 
Abstract 
Nighttime transport of agricultural dust and odor may cause environmental hazards prompting civil action.  
Optimization of odor control and mitigation techniques remains a challenge to livestock producers.  We develop 
flow and odor visualization near a poultry house using a shelterbelt flow and turbulence model for stably 
stratified conditions.  The inside and outside features of the building were mapped onto the model domain for 
adequate representation of the flow within and around the structure.  The steady state horizontal and vertical 
winds, turbulent kinetic energy, and perturbation pressure agree with the basic understanding of wind behavior 
around bluff-body obstacles.  We simulated odor movement outside the house, but no odor nuisance occurred.  
Nevertheless, a shelterbelt placed downstream of the exhaust fans lifted strong odor intensities toward the region 
of faster winds above the barrier.  A combination of shear and shelter-generated turbulence diluted this plume 
section.  A shelterbelt configuration of mature height and medium density amply dispersed odors windward of 
the barrier and at the shelterbelt top, but moderate odor intensity remained in the lee region until flow recovery.  
We seek future opportunities for particulate capture and surface deposition, which are favorable in vegetative 
barriers of higher porosity components. 
 
Key words:  stable stratification, poultry house, odor dispersion, shelterbelts 
 
1.  Introduction 
Agricultural meat production facilities have evolved toward larger production units for meeting the human 
food demand.  Additionally, the outward growth from inner cities to suburban and rural home-acreages has 
pushed housing developments closer to these large, dust and odor emitting farm operations (U.S National 
Research Council, 2003).  No federal standards exist, as for other pollutants, to control odor and particulate 
emissions. Many agricultural intensive states require a specific setback distance between a farm site and non-
livestock producing neighbor, a distance that signifies when the odor concentration must decrease below 
nuisance criteria levels (Guo et al., 2005).    For example, in Iowa the setback distance for small to large 
production operations ranges from 1250 ft (381 m) to 3000 ft (914.4 m)  (Vozzo and Chen, 2000).  
Measurement devices and procedures lack consistency in validating odor detection thresholds (Jacobson et al., 
2000; Jiang, 2000; Lim et al. 2001; Lin et al. 2006; Schiffman et al. 2005; Zhou et al. 2005).  However, these 
policy-determined setback distances may not suffice between the evening and early morning when a strongly 
 40 
stable temperature gradient and limited vertical mixing prevent adequate dispersion of farm pollutants (Takle, 
1983).   High concentrations of odor will advect downwind until some obstacle generates turbulence for 
sufficient plume vertical dilution (Takle et al., 1976).  Tyndall and Colleti (2000) stress the importance of farm 
producers controlling agricultural emissions because offensive smells and respiratory hazards from dust and 
odor may create prolonged nuisance conditions and lead to civil complaints and lawsuits. 
Agricultural producers can control odor emissions with several techniques, but no individual remedy has 
been demonstrated to rectify the odor problem (Ullman, 2005).  Effective odor reduction is accomplished 
through a combination of methods that limit dust and odor transport inside the livestock confinement facility 
(Schiffman, 2005; Ullman, 2005).  For dust and odor outside of building, methods for reducing near-surface 
concentrations direct the intense part of the plume upward (Bottcher et al., 2000, 2001; Ikeguchi et al., 2003).  
 Placing natural vegetative barriers downstream of emission sources may improve opportunities for both 
odor dispersion and particle entrapment.  Shelterbelts provide desirable filtering of dust, odor, and noises from 
livestock confinement buildings, and taller trees and shrubs promote aesthetics for agricultural production 
systems (Leuty, 2004; Patterson and Adrizal, 2005; Tabler, 2004; Tyndall and Colletti, 2000).  Shelterbelts have 
demonstrated effectiveness in trapping particulates and in enhancing surface deposition (e.g. Freer-Smith et al., 
2004; Laird, 1997; Raupach et al., 2001; Thernelius, 1997), in scrubbing automotive and industrial pollutant 
emissions (Lehndorff and Schwark, 2004; Rao et al., 2002; Urbat et al., 2004), and in providing a sink for 
microbial decomposition of odor-producing chemicals (Reischel et al. 1987, 1989).  Lin et al. (2006) 
demonstrated that mature height and medium density shelterbelts located downstream of livestock emission 
sources may reduce odor transport especially when trees are close as possible (15 m) to the odor plume.  Odor 
dilution may also reach optimum potential by using natural windbreaks during warmer, windier periods and for 
winds blowing normal to the shelterbelt (Lin et al., 2007).   
We use a numerical simulation to evaluate shelterbelt effectiveness for increasing odor dispersion 
downstream of a poultry confinement facility.  Shelterbelts will displace the odor plume upward and thereby 
reduce strong near-surface concentrations downstream of the barrier.  We have simulated the patterns of flow 
and odor transport around a poultry house by use of the shelterbelt turbulence model developed by Wang and 
Takle (1995) which has been extensively tested in neutral conditions (Wang et al., 2001).  We will refer to this 
model herein as WT95.  For this study, we reconfigure the WT95 model to a domain that includes openings and 
closures inside and outside a typical poultry confinement operation.  Additionally in Chapter 2, we enhanced the 
capabilities of the original model by including the interaction of stable temperature stratification with 
shelterbelt-perturbed flow.  We first describe the poultry facility under study, the windbreak configurations at 
the site, and their representations in the WT95 model.  A short review of the modeling procedure is provided.  
We simulated first, the odor transport away from the poultry house without any downstream barrier to help 
determine odor nuisance potential.  Follow-on simulations test the dispersive potential of each barrier and 
demonstrate how the altered flow patterns modify dispersion.    
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2.  Materials and methods 
a. Characterization of poultry house 
We model the odor dispersion potential of shelterbelts from the existing Sparboe Eagle LLC pullet 
operation owned by Embly Eggs of Iowa in Eagle Grove, IA, where in 2004, a young shelterbelt was 
established. During the growing seasons of 2004-2007, dust samples were collected from the leaves and needles 
with concurrent vertical profiles of wind speed and odor concentration being measured for locations windward, 
within, and leeward of the young shelterbelt.  The upwind edge of the shelterbelt (width 6 m and height 
approximately 4 m) is located about 8 m from the ventilation fans on the downstream side of the southern-most 
pullet house.  The tree placement satisfies the suggested criterion that buffers be at least four fan diameters away 
from the building to prevent ventilation blockage (e.g. Bottcher et al., 2000, cited in Tyndall and Colletti, 2007).  
Determination of the shelterbelt configuration for the model will be presented in part b.   The terrain around the 
pullet operation is generally flat with a slight downward slope leeward of the trees.  
We used blueprints of the pullet house for determining the surface area densities of interior components in 
the shelterbelt model.  The WT95 model has previously been applied for simulating obstructed flow within 
porous shelterbelts and so we caution the use of the code for representing this situation of bluff body 
aerodynamics.   Navier-Stokes equations of motion for incompressible flow are not normally used to develop 
flow behavior in existing CFD modeling of solid structures.  However, by calculating area density from known 
values of drag coefficients and low enough porosities, we can represent the effect of drag on the wind by the 
near-solid components within and around the poultry house in a single model domain using the approach 
described by Wang and Takle (1995).  The (leaf) area density (LAD) is the fundamental variable of the WT95 
model that introduces a drag force to change the mean wind and turbulence near porous barriers (Wang et al., 
2001).  We represent the pullet house roof, walls, and floors with small porosities (near zero) that are also large 
enough to prevent computational instability.   
Hoerner (1965) devised an empirical formula, Equation (1), for relating porosity, φ, to a resistance 
coefficient for many semi-porous materials.  Wilson (1985) used this formula to describe a resistance, kr, of 2.0 
for a porosity of 50 % for a square bar lattice plane.   
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k           (1) 
As mentioned in Chapter 2, Wang and Takle (1996) reported an incorrect formula for their calculations of 
resistance from shelterbelt.  The correct version of the widely accepted formula was discovered and confirmed 
by Schmidt (2007, personal communication) and can be found according to Wang (2007).  We chose a porosity 
of 0.01 as acceptable to yield realistic values of resistance coefficient for solid elements.  The area density, A, of 
an obstacle [m²m-³] follows the identical formulation that original WT95 model cited: 
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where the integral of dx is the incremental distance over the width of the obstacle element and cd is the drag 
coefficient.   
Table 1 depicts the values of porosity, kr, cd and A for each obstacle element within the building.  Very large 
area densities correspond with an expected large amount of drag on the mean wind and a large mechanical 
generation of turbulence.  We ignore the geometric complexities of the ventilation fan blades and fan grill and 
we assume in our two-dimensional model simple streamlined motions through the fan.  Additionally, we neglect 
the structural support beams between the lowest level and the second level to simplify air patterns descending 
through the floors and toward the exhaust fans at the lowest level.  The model configuration of the house 
assumes no effects on air by electrical lighting and other environmental heat or moisture controls.  Figure 1 
presents the detail of the obstacle elements within the pullet house. 
 
b. Characterization of the shelterbelt 
We test a solid windbreak wall, a uniform density medium height shelterbelt and the young multi species 
shelterbelt that was sampled at the Sparboe site.  Both the windbreak wall and the uniform density greenbelt 
have a resistance coefficient and area density as parameterized according to equations (1) and (2).  We chose a 
porosity of 0.025 to yield realistic values of resistance coefficient for the windbreak wall.  The wall is as tall as 
the pullet house roof top (8.5 m), and we simulate its effects at only one grid point (very thin obstacle) with a 
near block-value drag coefficient at 1.51.  For the uniform density shelterbelt, we choose a porosity of 0.5 and 
0.75 and set a mature height of 10 m and a width of 9 m.  The drag coefficient is 0.23 according to the 
calibration experiment by Falk (2004).   
We develop the area densities for the young, multiple species shelter sampled in 2006 based on 
measurements of leaf and stem surface areas in 0.75 m height and 2 m width increments the from one 
representative branch for two tree species and two planting dates.  The two species planted were eastern red 
cedar (juniperous virginana) and Austree willow (mandatus x alba).  Planting dates are denoted as ‘old’ for 
those cedars planted in 2004 and 2005 and ‘new’ for those cedars planted in 2006.  Representative tree height 
and basal diameter of each species were used to determine trunk surface area.  We estimated the total tree area 
densities by a combination of surface areas from branches and leaves and from trunks for each tree species and 
zone (height increment) as:  
zoneyrtrunkzoneyrstemszoneyrleaveszoneyrtree AAAA ,,br,,,,,,   n )( ++=      (3) 
Where Aleaves is the leaf area, Astems is the stem area, nbr is the number of branches per tree, and Atrunk is the trunk 
surface area.    For the trunk surface area, we assume a cone shape so that for trunk top height, the width 
becomes zero.  For each 0.75 m increment of the cone, dz, a surface area of each frustum piece becomes: 
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Using the basal diameter, we calculate the top radius, Rtop, zone, of the lowest piece by: 
∆
+=
dzRR zonebottomzonetop ,,
         (5) 
∆ is the slope height and is calculated using the basal radius, rbasal, and the tree height for each species and 
planting date, htspecies, yr: 
basal
yrspecies
r
ht
,−=∆           (6) 
From determining the surface area at each 0.75 m increment for each tree species, we calculate a plant area 
density using a unit volume, Vunit, for each tree.  Vunit is the product of the height increment (0.75 m), the width 
of the sample (2 m), and a repetition distance between trees, sp (the inter-row tree spacing: 9 ft (2.74 m) for the 
red cedars and 7 ft (2.13 m) for the willows).  The averaged plant area density (PAD) for each zone and tree 
species, zoneyrspeciesPAD ,, , becomes: 
unit
zoneyrspecies
zoneyrspecies
V
A
PAD ,,,, −=            (7) 
where 
 
spdzwidthVunit **=
          (8) 
Three old red cedars, three new red cedars, and three Autsree willows were harvested for the collection of 
these measurements.  We produced from the raw data the averaged PAD per zone and species for further 
computations compatible to our model input.  Figure 2a displays the variation in tree species PAD.  Because our 
model is two-dimensional, it is important for us to represent the irregularities in the three-dimensional tree 
design.  A gap in the shelterbelt occurs at 35 ft (10.67 m) from the fans because of dust and odor data collection.  
Additionally, in another part of the buffer eight old red cedars were planted at 25 ft (7.62 m) from the fans to 
determine capture efficiencies during the early maturity of the shelterbelt.  These trees were removed in 2006 to 
allow for sufficient ventilation by the exhaust fans.  To account for these gaps in the vegetative buffer, we 
calculate in each row and for each zone a weighted average of plant area density for each species and maturity, 
PADspecies,yr,zone,row , such that: 
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 ,      (9) 
where wts is the weighting factor and represents the number of trees sampled for each species and maturity 
divided by the number of trees present in each row. 
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We combined these weighed means for each species and maturity into an additional weighted average to 
determine a representative contribution for each tree species and maturity at 25 ft, 35 ft, 45 ft (13.72 m), and 55 
ft (16.76 m) from the fans. 
( )
∑
∑=
ts
tsrowzoneyrspecies
row
w
wPAD
PAD ,,,         (9) 
We develop a linear fit for each of the zone intervals from zero to 3.75 m at each row in order to show a 
continuous pattern of PAD supported by our model grid.  We chose the vertical spacing be 0.1 m to match the 
resolution in the horizontal and vertical directions within the pullet house.  The calculation of the coefficient of 
determination (R² value) justifies using a linear fit.  The correlation of height with the plant area density in each 
row ranged from 0.90 to 1.0 (the latter because the Austree willow measurements were not partitioned into each 
0.75 m zones).  Using the linear fit, row averaged PADs were between 0.04 and 0.005 m²m-³ (Figure 2b). 
For the final shelterbelt configuration we combine the knowledge of the parameterization from the young 
shelterbelt at the Sparboe cite and map two block-shaped shelterbelts side-by side onto our model domain.  The 
windward most part of the barrier is given a porosity of 0.5, a width of 3 m and a mature height of 10 m. The 
leeward most part of the belt has a porosity of 0.85, a width of 6 m, and a mature height of 14 m.  We keep the 
established drag coefficient as from the previous configurations at 0.23. 
 
c. Model development 
i. Governing equations 
Our model, adapted from WT95, solves simultaneously Reynolds Averaged Navier-Stokes (RANS) 
equations for momentum, potential temperature, turbulent kinetic energy (TKE), and eddy viscosity.  Refer to 
Chapter 2 for a thorough description of the model procedure.  For the current application, we additionally solve 
a prognostic equation for odor using the transport of a scalar from Stull (1988): 
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The odor tendency is a function of horizontal and vertical advection terms, the odor diffusion term, and the 
source term of emission rate, Qp.  As in Chapter 2 for using K-theory to parameterize momentum and heat, the 
odor flux in this study becomes: 
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mKK 35.1c =
           (12) 
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 The odor emission rate Qp [OUs-1], for a point emission source, is a function of ventilation rate ν [m3/s], the 
change in mean odor concentration ∆oc [OUm-3], and the surface area S [m2] of the odor being emitted.  Qp is 
represented as:   
S
oQ cP
∆
=
ν
           (13) 
Ventilation rate is a product of the wind speed and the area, a, for which the air flows through the exit radius of 
the nozzle: 
au=ν            (14) 
We calculate ∆oc from the difference in mean odor concentration between incoming air from the inlet and 
the exhaust ventilation air as done by Zhou et al. (2005).  We assume that the odor concentration from the inlet 
air is zero (no measurements were available) such that ∆oc is around 500 OU m-3, a reasonably strong 
concentration moving through the fans (Hoff, 2006, personal communication).  From structural measurements 
and visual imagery of the fan, we determine the corresponding area of the fan nozzle as 1.94 m2 and using a fan 
speed of 4.0 ms-1, the ventilation rate becomes 7.76 m3s-1.  The source of the odor from the manure piles has a 
surface area of 26.26 m2, and so the odor production rate is about 148 OUs-1. 
 
ii. Numerical considerations 
Following the convergence procedure of the original WT95 model, we require that the normalized error in 
the mean kinetic energy be less than 10-4 to achieve a steady state solution.  As suggested by WT95, the depth of 
the model is to be larger than 8 times the height of the shelterbelt H (H=10 m for most purposes) and small 
enough to neglect interaction with the Coriolis force.  For the current study, a model top of 300 m is acceptable.  
The domain allows a windward distance of at least 40 H between the poultry house and the inflow boundary and 
a leeward distance of at least 60 H at the outflow boundary.  The addition of a solid barrier into the shelterbelt 
model requires a change in the grid resolution near and inside the pullet house.  The largest horizontal grid 
spacing of 1.5 m begins at the lateral boundaries, and close to the poultry house decreases uniformly to 0.1 m 
near and inside the poultry house.  Likewise, the vertical grid spacing is 0.1 m from the domain bottom to the 
top of the house.  The grid is uniformly stretched to 1.0 m a few meters above the house and beyond up to the 
model top.  The stretching factor is 1.1 and meets the CFD requirement that the stretching be less than 1.2 
(Arritt, personal communication, 2007).  To ensure numerical stability, we used a time step of 0.0005 s and we 
continue the simulation until the flow with the poultry house effect reaches the aforementioned convergence 
criterion assuming the stratification does not change with time.   
 
iii. Initial conditions and boundary conditions 
Outside the building, the surface is representative of short mixed grasses (height of 0.4 m), a roughness 
length of 0.04 m, displacement height of 0.26 m, and so the lowest model grid point, z0, equals 0.3 m.  We first 
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simulate flow through the domain without the poultry building.  The model calculates initial vertical profiles of 
horizontal wind speed, TKE, and mixing length from the input horizontal wind speed at the model top (utop=10.0 
ms-1) and the surface characteristics.  We apply these profiles uniformly over the full domain.  We assume a 
temperature fixed at the model top of θtop= 293.10 K and at the surface θ0=291.15 K to establish moderately 
stable stratification.  We believe from existing studies that these conditions will support long distance transport 
of recognizable odor concentrations.  Refer to Chapter 2 for the full theoretical development of achieving stable 
stratification in the model.  Vertical velocity and pressure perturbations are set to zero.  Once the momentum 
field has reached a steady state, we apply constraining conditions for wind speed and odor within the poultry 
house.  Odor concentrations equal zero at every grid point except at grid points inside the exhaust unit, between 
the middle and the end of the ventilation nozzle.  At these points, we assign a concentration of 500 OUm-3 to 
designate a starting location of the odor transport.    
We place very low u and w winds (0.001 ms-1) within and around the grid points that represent the roof, 
walls, and floors of the pullet house for the first time step when the pullet house is inserted into the model 
domain.  Within the middle of the location of the fan blades, we assign a constant wind speed of 4.0 ms-1 
throughout the model solution process.  We omitted the fans on the upwind side because the fan banks along the 
leeward and windward walls are not side-by-side.   We set initial pressure perturbations, p’, to zero inside the 
house, although in reality a static pressure of -0.1 in/H2O or -24.9 Pa exists when air moves through the fans.  
For the model boundary conditions at the surface (z=z0) we impose a constant temperature (θ=θ0), a no-slip 
condition for wind (u = w = 0) and normal derivatives of TKE, p’, and odor concentration equal zero.  At the top 
boundary, the normal derivatives of TKE, p’, and odor concentration are zero, whereas u is constant at 10.0   
ms-1, w is zero, and temperature remains fixed (θ=θtop).  Lateral boundary conditions require that the normal 
derivatives of all variables equal zero to prevent ‘wall effects’ at the upwind and downwind locations.  
 
3.  Results 
a. flow patterns without any dispersive mechanism 
The steady state flow over the poultry house sheds some light on the important flow processes that are 
taking place around and within the facility.  Horizontal winds speeds slow as they approach the windward side 
of the pullet house and higher speed air moves up along the side of the roof.  At the rooftop, the over-speeding 
zone that normally occurs along and above a barrier creates strong wind shear.  On the leeward side of the 
building, the wind eventually recovered its upwind vertical profile.  However, immediately next to the roof air is 
stagnant and promotes the development of a slight recirculation into the lee inlet.  Inside the house, horizontal 
wind speed is low, whereas in the pit floor the air moves rapidly out through the exhaust fan on the leeward wall 
(Figure 3).  Unlike simulated flow over the house in neutral conditions, no surface recirculation zone develops 
downstream from the house to hinder long-distance odor transport under stable conditions.  
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 Vertical velocity (Figure 4) increases along the lower edge of the upwind side of the roof.  Air colliding 
with the wall is either pushed up (for heights up to half the roof top height of 8.5 m) or down to the surface. A 
horseshoe vortex, common in front of tall buildings (Simui and Scanlan, 1996) appears in our flow pattern near 
the ground at the windward wall.  On the leeward side of the roof, downward moving air extends along the roof 
and the wall of the building.  Slight lift occurs above the exhaust fan as rapidly moving air from the fan nozzle 
collides with slower moving air outside.  Inside the poultry house, we observe generally weak descending flow.  
This suggests that we can simulate exhausted air and dust to traveling underneath the cages and into the lower 
floor of the building.  Polluted air then travels toward the fan with more descent to the fan on the leeward side of 
the house.   
 For describing the TKE, we use a normalized value based on the initial vertical TKE profile upstream of 
the pullet house.  TKE is produced mostly on the lee side of the building near the exhaust nozzle.  We expect 
this behavior (Figure 5) because the largest wind shear exists from our imposed constant fan speed of 4.0 ms-1 
within the nozzle.  A plume of turbulence travels along the wall and up the roof where it is advected downstream 
by higher winds above the lee side of the roof.  Near the surface and several tens of meters from the exhaust 
fans, TKE is low, which we attribute to quenching of turbulence by the stable temperature stratification.  As 
demonstrated in Chapter 2, moderately stable stratification creates a larger leeward protected zone behind a 
uniform medium density barrier.  Horizontal momentum, TKE, and perturbation pressure recover to upstream 
conditions many tens of shelterbelt heights downstream from the barrier (60 H) as compared with neutral flow 
conditions by only 10-20 H.  TKE is generated by the horizontal wind shear along the windward side of the roof.  
However, this turbulence weakens with height and eventually flows into the larger plume produced by the 
exhaust fan.  We note little or no TKE within much of the room where the caged pullets reside, except along the 
highest sections of the windward and leeward walls.   
We normalized the perturbation pressure by the mean kinetic energy (MKE) at approximately the height of 
the building (8.5 m.)  This variable (p’/MKEH) is analogous to the pressure coefficient, cp, in wind and structural 
engineering related disciplines.  The highest perturbation pressure (Figure 6) occurs at the lower end of the roof, 
near the windward inlet and corresponds well to the max cp in a region roughly 60% to 70% the height of the 
building (Simiu and Scanlan, 1996).  The minimum pressure is produced at the peak of the roof toward the lee 
side.  We observe a much stronger negative fluctuation within the house near the lee wall at the location of the 
fan.  Intuitively, we expect this feature because of the strong suction that the fan creates as air accelerates 
through the blades.  
 
b.  Odor dispersion without any obstruction 
The highest concentrations of odor (Figure 7) are close to the exit region of the exhaust fan.  As the odor 
moves downstream, the concentration gradually decreases, but intensity remains quite strong several tens of 
meters from the source location.  Horizontal wind speed and turbulence recover to upstream conditions leeward 
of the building, and likewise the odor plume gradually disperses in the horizontal and vertical directions (Figure 
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8).  This pattern of odor transport during stably stratified conditions differs significantly from our simulations in 
neutral conditions.  The recirculation zone leeward of the fans pushes the plume upward toward the lee side of 
the roof edge where faster wind speeds exist.  Therefore, in well-mixed flow, much of the odor plume thereby 
was diluted in a narrow horizontal distance away from the facility, and odor concentrations near the surface fell 
to negligible limits within a few tens of meters downstream of the fans.  A critical detection distance (CDD) was 
determined by Xing et al. (2007) for use in operational models to predict swine odor transport.  Applying the 
suggested odor concentration of 10 OUm-3, we reach the CDD at roughly 300 m away from the exhaust fans for 
our stable situation.  At this distance, the concentration should remain negligible for human detection and 
definitely be under the criterion for an odor nuisance event.  As mentioned by Vozzo and Chen (2000), Iowa 
regulates setback distances to be at least 1250 ft (381 m) to 3000 ft (914.4 m) from one livestock producer to a 
non-producer.   
 
c. Odor dispersion with obstruction mechanisms 
With the addition of our shelterbelt configurations, we note significant differences in the odor dispersion 
pattern.  (Our simulations of a solid windbreak wall and a medium porosity, mature height shelterbelt did not 
converge so no results are available).  All of the barriers lifted the odor plume, thereby limiting near-surface 
strong intensities immediately leeward of the barriers, but maintaining lower to moderate intensities a few 
shelterbelt heights downstream from the barriers.  By plotting the change in concentration over the horizontal 
domain at the reference emission height at 1.2 m (Figure 9), we observe that taller and slightly denser 
configurations create more dilution of the plume even near 100 m downstream from the shelterbelt edge.  As 
demonstrated by a series of vertical profiles at specified locations in Figure 10, we expect this pattern because 
denser and taller barriers increase the uplift of polluted air windward of the shelterbelt (a) and divert more of the 
plume through the upper half of the barrier and above the shelterbelt top.  Tall and dense barriers also generate 
the most turbulence and therefore promote the greatest dispersion immediately above and at the top of the 
shelterbelt.  Regions of intense odor within the plume travel through the top half of the shelterbelt at the lee edge 
thus reducing impacts at human heights (b).  However, moderate concentrations move through the lower half of 
the shelterbelt (c) and intensity drops slowly in the lee region because of the reduced wind speeds and 
turbulence.  As wind speeds recovered, (d) odor decreases by 5 H downstream for a few meters above the 
surface.  The decrease in odor intensity caused by the shelterbelt remains a considerable influence at 10 H (e) 
and even beyond 20 H until reaching a negligible effect (figure not shown).   
A very young and short shelter, as the current configuration at Sparboe was in 2006, provided dispersion 
benefits, although the overall magnitude of change was small in comparison to the baseline concentration.  From 
our testing, it appears that a configuration with a tall and somewhat dense barrier will optimize odor dilution at 
heights halfway up to the shelterbelt top.  A uniform windbreak that contains too low of porosity will provide 
some uplift of the plume ahead of the barrier, but the quiet zone may actually increase the duration of low to 
moderate intensity concentrations 2-7 H downstream of the belt.  Therefore, agreeing with prior suggestions 
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(e.g. Leuty, 2004; Tyndall and Colleti, 2000) we recommend a barrier composed of shorter and low porosity 
vegetation to wedge upward the particulates and odor on the windward side of the shelterbelt.  Additionally, we 
speculate that adjacent to the shorter denser elements, the taller and higher porosity vegetation will promote 
interactions with leaves, twigs, and other tree elements.  The interaction within the shelterbelt will provide 
opportunities for both particle entrapment and chemical sinks in the barrier and a deceleration of particles in the 
lee to promote gravitational settling and surface deposition (e.g. Tyndall and Colletti, 2007).  We support these 
considerations to yield plausible effective odor and dust reduction by shelterbelts.  Simulating these processes 
requires a time-dependent code that will show the behavior of each individual particle emitted from the exhaust 
fans.  The current plume representation is rather a mean concentration that reaches a steady state flow condition.   
We caution using a steady state model for representing flow over the poultry house.  Each simulation 
reached a converged solution, but there is no way yet of knowing whether the flow pattern is acceptable in 
accord with what occurs in reality.  Wilson and Yee (2003) purport that some RANS modeling applications for 
obstructed flow may not be suitable and instead require a time dependency.  The modeling approach presented 
here would greatly benefit from comparison to existing CFD packages that can currently handle a similar flow 
problem.  Any future modeling attempts of this flow and odor dispersion potential by natural windbreaks at the 
Sparboe facility need validation with wind speed and odor concentration measurements.  Such data would be 
useful from several heights above the surface to slightly above the building top.  Profiles should extend 
immediately downstream from the fan nozzle, at the windward edge of the shelterbelt, within the barrier, and 
especially at the lee edge of the barrier to effectively capture the windbreak interactions with odor intensities.  
Additional profiles leeward of the barrier would demonstrate the horizontal extent of the dilution caused by 
shelterbelts and therefore lead future models to capture other important processes occurring within the shelter 
for effective reduction of agricultural particulates and the odor they inhibit.  
 
4.  Conclusions 
We have applied an extension of the WT95 model to nighttime conditions of slow wind speed and little 
vertical mixing to an application of monitoring agricultural pollutants outside of a confinement operation.  The 
model reproduced many features of wind, turbulence, and perturbation pressures around a poultry house, which 
we have mapped onto the model domain in a similar manner as the WT95 model uses for the interaction of a 
porous barrier.  The plume of odor from the building generally extended outward from the exhaust fan with a 
gradual dispersion of the intense concentrations as the mean wind and turbulence recovered to the upstream-of-
windbreak conditions.  Our steady state approach to modeling the odor transport suggests that establishing 
nuisance criteria remains unlikely for the given atmospheric conditions, but a longer evolution of the plume 
transport (e.g. hours) may demonstrate otherwise.  We leave this consideration in future work.   
With the addition of a porous shelterbelt downstream of the poultry house, we observed that taller and 
denser barriers increased uplift of the plume and led to greater odor dilution in the speed-up zone above the 
shelterbelt top.  The young configuration of trees during the 2005-2006 growing season at the Sparboe site 
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demonstrated very small but noticeable, enhancements of plume dispersion so that in the barrier lee odor 
intensity was slightly lower than without having any barrier.  A future configuration of those trees growing to 
shorter, denser cedars and taller, more porous willows gave the best odor dispersion out of all barrier 
combinations tested.  Yet, in the lee region, slow winds and little vertical mixing hindered near-surface odor 
reduction.  Additional opportunities for odor control with this multiple porosity arrangement will include 
particulate entrapment within the belt and lee-side surface deposition.  However, we can only speculate on these 
factors until a time-dependent code accurately depicts these processes to follow each particle and its interaction 
with the shelterbelt-perturbed flow.  Such an intricate situation of simulating flow and odor transport will benefit 
greatly to comparisons with existing or future observations and wind tunnel testing. 
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Figure 1.  The obstruction effect for the elements in the Sparboe pullet house 
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Figure 2a.  Variation in plant area density calculated from measurements of three trees species at the site. 
NRC= red cedars planted in 2005-2006, ORC= red cedars planted in 2004-2005, Willow=willow trees 
planted in 2005-2006. 
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Figure 2b.  Variation in plant area density for the representing gaps and heterogeneities with tree species, 
maturity, and row distance from the poultry house exhaust fans.   
 
 
 
Figure 3.  Horizontal momentum within and around the pullet house for slow wind and moderately stable 
conditions 
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Figure 4.  Vertical momentum within and around the pullet house for slow wind and moderately stable 
conditions 
 
 
 
Figure 5.  Normalized TKE within and around the pullet house for slow wind and moderately stable 
conditions 
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Figure 6.  Normalized perturbation pressure within and around the pullet house for slow wind and 
moderately stable conditions 
 
 
 
Figure 7.  Odor dispersion pattern without any obstacle near the pullet house for slow wind and 
moderately stable conditions 
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Figure 8.  Odor dispersion pattern without any obstacle farther away from the pullet house for slow wind 
and moderately stable conditions 
 
 
Figure 9.  Difference in odor concentrations downstream of the poultry house at z=1.2 m for various  
dispersion mechanisms under slow wind and moderately stable conditions 
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Figure 10a.  Vertical profiles of the difference in odor concentration for various dispersion mechanisms 
under slow wind and moderately stable conditions at x=-10 m from the lee edge of the shelterbelt 
 
 
 
Figure 10b.  Vertical profiles of the difference in odor concentration for various dispersion mechanisms 
under slow wind and moderately stable conditions at x=0 m from the lee edge of the shelterbelt 
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Figure 10c.  Vertical profiles of the difference in odor concentration for various dispersion mechanisms 
under slow wind and moderately stable conditions at x=20 m from the lee edge of the shelterbelt  
 
 
 
Figure 10d.  Vertical profiles of the difference in odor concentration for various dispersion mechanisms 
under slow wind and moderately stable conditions at x=50 m from the lee edge of the shelterbelt  
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Figure 10e.  Vertical profiles of the difference in odor concentration for various dispersion mechanisms 
under slow wind and moderately stable conditions at x=100 m from the lee edge of the shelterbelt 
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Table 1.  Characterization of Sparboe pullet house elements 
Obstacle element Drag Coefficient 
(Cd) 
Porosity  (φ) Resistance 
coefficient (kr ) 
Area density 
(A)   [m²m-³] 
Roof 1.14 0.10 98.00 429.82 
Inlet screen 1.00 0.70   0.65     6.53 
Wall 1.95 0.10 98.00 502.56 
Pullet floor  1.95 0.10 98.00 243.78 
Pit floor 1.95 0.10 98.00 502.56 
Pullet ceiling 1.95 0.10 98.00 243.78 
Pullet cage top 1.98 0.20 21.13 106.69 
Pullet cages 0.50 0.94   0.55     2.18 
Frame legs for 
cages 
1.95 0.94   0.18     0.91 
Manure piles 0.78 0.60   1.13    0.66 
Ventilation 
shutters 
1.00 0.88   0.25    1.24 
Fan nozzle 1.98 0.10 98.00 494.94 
 
 
 
.   
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CHAPTER 4.  GENERAL CONCLUSIONS 
 
General Discussion 
In this study, I presented the extension of an existing shelterbelt turbulence model to stably stratified flows.  
Chapter 1 provided the framework for understanding shelterbelt and windbreak flow characteristics during 
nighttime conditions of slow wind speed, which may lead to an odor transport problem for agricultural 
producers and neighboring homes and businesses.  The complexity in describing and predicting the evolution of 
plume concentration presents a challenge for realizing effective odor management and around livestock 
confinement operations.  I discussed the development of stably stratified conditions in an existing shelterbelt and 
turbulence model in Chapter 2.  The model demonstrates how a strong temperature gradient interacts with a 
medium density shelterbelt.  The stability lengthens regions of reduced wind speed, smaller turbulence, and 
cooler temperatures in the barrier lee. Recovery of shelter-perturbed flow characteristics is hindered while 
temperatures slightly warmed above upstream conditions before returning to the initial profile.  For Chapter 3, I 
applied the stable conditions to characterizing flow and odor transport near a bluff-body type poultry house.  
The model domain was reconfigured to a grid typical of a real structure.  I represented realistic movement of air 
within and around the house and of the odor plume originating from the ventilation.  A ‘future’ shelterbelt 
configuration with medium density and mature height diluted odors most effectively within less than two 
hundred meters of the ventilation fans. However, some moderate intensity odor remained in the near lee of the 
shelterbelt, which I posit future opportunities for particle entrapment and surface deposition.  Additionally, long 
distance transport of agricultural fugitives for affecting neighboring property owners remains to be refined in 
later work.   
As mentioned in Chapter 2, the revised model portrayed features of shelterbelt flow that did not agree with 
all results from previous wind tunnel and field experiments of flow around a windbreak fence.  Strong 
stratification extended both the lee and wake regions as compared to well-mixed conditions, whereas previous 
work (Jacobs 1984a, 1984b, 1985; Ogawa and Diosey 1980a, 1980b; Wilson 2004a, 2004b) suggested that 
stratification increases recovery rates for flow and scalars to return to the upstream-of-windbreak conditions.  
The wind speed recovery by Miller et al. (1975) leeward of a young, porous shelterbelt configuration however, 
suggested the prolongation of the sheltered region.  A simple test in our model using higher porosities of 0.65 
and 0.80 for the same 10 m tall and 15 m wide shelterbelt under the stratification of L=50 m, demonstrated that 
lowering the porosity increased the recovery rates of the all flow and scalars.  This result contrasts with the 
conclusion of Miller et al. and agreed with non-porous to semi porous fence studies by (Jacobs 1984a, 1984b, 
1985; Wilson 2004a).  
 I recognize the problems of measurement accuracy in the early study by Miller and his colleagues, which 
may weight recent field studies as more credible than older experimental results.   Nevertheless, the current 
model also inhibits error and uncertainty in results.  Falk (2004) explained that the WT95 code tends to 
overestimate wind speed reduction in the immediate near-surface lee and allows too quickly of flow recovery 
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downstream from the lee-side of the barrier edge.  He compared the model performance to measurements taken 
from a heterogeneous shelterbelt in Mead, NE and recommended that from the observations available, the drag 
coefficients of the shelter should be calculated to show variability within the barrier.  This enhancement to the 
model may improve accuracy of representing drag force interactions within the shelterbelt and the impact on 
flow and scalars moving through the barrier for all stratification conditions. 
I bring up the possibility of how flow around a barrier is tied to the Reynolds number.  It appears that for 
slow enough approach wind speed interacting with the barrier, the obstacle drag force may decrease momentum 
enough to where flow recirculation and transient eddies develop in the lee regardless of the stratification.  (The 
flow recirculation and unsteady turbulence were common features in simulations for the poultry house domain 
when I first tested odor transport for neutral conditions).  Miller et al. (1975) calculated somewhat higher drag 
coefficients for the young greenbelt during stable conditions, which were dependent on wind speed magnitude.  
They and Seginer (1975), however, noted higher but uniform drag coefficients for unstable conditions, in which 
approach speeds were variable.  I must refer again to Wilson and Yee (2003), who recommended careful 
scrutiny in applying steady state Reynolds Averaged Navier Stokes (RANS) models to simulating all cases of 
disturbed wind flow.  Certain conditions may not be appropriate for a steady state response such as wind over an 
array of fences, or possibly in my case using stable stratification.  Perhaps a longer model run-time is required to 
truly understand the behavior of stable stratification as the boundary layer is not homogeneous for all times and 
places during a typical clear sky and near-calm night.  Similarity theory profiles may not be consistent physically 
to use as upstream conditions.   
My attempt to characterize the surface layer with Monin-Obukhov Similarity Theory (MOST) to calculate 
wind and temperature profiles might not be valid for applying MOST throughout the entire stable boundary 
layer (SBL).  MOST may only be valid up to 100 m or less from the surface and some other type of turbulence 
structure and parameterization is required higher into the SBL.  Fixed temperatures at the surface and model top 
may also provide inconsistent forcing throughout the rest of the boundary layer and its changing nature over the 
night.  Maybe the method of characterizing the turbulence (K-theory) is too crude for adequate representation of 
turbulent scales during nocturnal periods.  The trend in boundary layer research studies is to develop explicit 
formulations for second or third moment variables and parameterize the higher order terms if using turbulence 
closure, or instead invoke Large Eddy Simulation (LES) for resolving certain scales and use closure on smaller 
sub-grid scales (Moeng 1984). 
The transport of odor in the model, as described in Chapter 3, demonstrated plume dispersion enhancements 
by using shelterbelts.  I believe that with further parameterization into stably stratified conditions, farther 
movement of stronger odor appears possible.  Early tests indicate that an L=100 m may give more horizontal 
than vertical transport than a stratification of L=50 m, such that the dilution pattern appears closer to the 
Gaussian distribution as the intensity decreases with distance.  Before testing for an optimum stratification, the 
model user must realize the time dependent nature of a plume release.  I maybe should have allowed the odor to 
travel across the domain for 15 to 30 minutes instead of reaching a ‘steady-state’ condition, which happened 
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around 3 minutes of odor movement. A longer run-time possibly could support larger intensity concentrations 
traveling downstream and thereby meet conditions necessary for posing an odor nuisance to neighboring farms 
and communities.  However, such a constant plume of odor emission is unlikely especially at the nighttime and 
rather strong odor is released in short and infrequent bursts to provide small environmental adjustments to the 
animals within the confinement facility (U.S. National Research Council 2003).  A constant emission of odor 
release seems more likely for hot and humid periods during the daytime usually when static instability, high 
temperature, and faster wind speeds promote pollutant dispersion (e.g. Lin et al. 2007).    
Odor by itself is not an individual species but rather a conglomeration of many chemicals (e.g. ammonia, 
hydrogen sulfide, and volatile organic compounds [VOCs]), which all have specific properties related to 
intensity, resident lifetime, and interactions with air, soil, and vegetation.  The complexity of odor composition 
also presents challenges to numerical simulation as demonstrated by Quinn et al. (2001) to use turbulence 
closure for the flow representation over a simple building that emitted ammonia.  The application of their mean 
scalar diffusion model and a Lagrangian particle transport model both demonstrated improvement in capturing 
particle and flow behavior in the lee of the building.  The current modeling venture in odor transport requires 
extensive evaluation with available measurements from field and wind tunnel experiments at the Sparboe facility 
or from similar sites. 
 
Future Research 
Numerical simulation of shelterbelt and windbreak flow needs more development in time-dependent 
applications such as monitoring over a diurnal cycle the momentum, heat, and moisture transports within and 
surrounding a vegetative windbreak.  A first attempt could include a one-dimensional code without the 
shelterbelt for determining what forcing is relevant to the evolution of stable boundary layer (e.g. Russell and 
Takle 1985). Once the correct forcing is applied over a 24 hr period, the model should be expanded to two and 
three dimensions.  This model could include better representation of heat and moisture differences in the 
shelterbelt using a coupled soil-water-vegetation model or receive input from a land surface model.  Any 
addition to the model needs validation according to observations.  Infrared radiation parameterization inside a 
tree canopy remains a difficult task, but such effects are necessary for capturing the different forcing in a live, 
growing network of trees that exchange heat, moisture, and momentum with the surrounding environment. 
Revised versions of this model should optimize grid resolution and scales of motion with demands in 
computational costs.  The simplest schemes and coarsest resolution provide the user with an easier task of 
understanding how the model works.  Yet higher order schemes (2nd or 3rd level turbulent closure, or large eddy 
simulation with explicit representation of higher moment terms) may refine flow behavior around porous and 
non-porous obstacles.  Ultimately, the performance of the current model should be carefully scrutinized until a 
three-dimensional version exists.  The current code neglects turbulent fluxes in the horizontal direction, whereas 
a three-dimensional coordinate system would demonstrate the importance of all turbulent terms for where the 
two-dimensional code is lacking.  Further testing is needed to parameterize solid barriers as well as thin non-
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porous and semi-porous ones.  Any numerical model of disturbed flow must improve the parameterization of the 
resistance coefficient and drag coefficient for which those values will reflect the real world situation and not 
constants based on previous wind tunnel testing.   
For the simulation of flow and odor near the poultry house, future studies should parameterize the correct 
environmental conditions for the raising of the pullets as the temperature, humidity, lighting, negative static 
pressure by the ventilation fans, and other controls were neglected in this simulation.  Modeling the odor 
transport requires an adequate representation of particles moving through fluid as in a Lagrangian, time-
dependent model.  Versions of existing particle dispersion models with the appropriate physical processes within 
a real living greenbelt (particle entrapment, chemical decomposition, and surface deposition) would lead to a 
better representation of how trees can filter dust and odor suppressing long transport.  All wind speed, dust and 
odor concentration data from the Sparboe pullet site or from wind tunnel testing, would assist in improving 
model performance and future application to multiple farming systems.  Nevertheless, this simplified attempt to 
simulate features of flow and odor transport for stratified conditions opens up new horizons for applications in 
shelterbelt and windbreak research, air quality control, and ultimately better representation of surface layer 
processes for heterogeneous terrain.  A coupled exchange of turbulent systems near the surface with the 
boundary layer will assist in future modeling improvements to operational forecasts. 
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